In this study, 10 premixed diesel low-temperature combustion engine operating conditions were chosen based on engine intake pressure (1.2-1.6 bar), intake oxygen concentration (10%, 11%, and 12%), and injection timing (224°after top dead centre in all test conditions). At each intake oxygen concentration, the effects of intake pressure on combustion parameters and emission measurements (carbon monoxide, hydrocarbons, nitrogen oxides, particulate matter mass concentration, and particle size distributions) were analyzed. Although increased intake pressure resulted in higher incylinder charge air density that improved fuel/air premixing and late-cycle oxidation quality, higher intake pressure also advanced the start of combustion and thereby decreased the time available for fuel and air premixing. But even with the decrease in premixing time available before start of combustion, increased intake pressure caused significant decreases in carbon monoxide, hydrocarbon, particulate matter mass, and particle number emissions. Particle size distribution measurements allowed greater understanding of how higher intake pressure decreased the particulate matter mass concentrations with respect to particle size. To further investigate the experimental results, a zero-dimensional engine heat release code was used to analyze combustion temperatures, and a one-dimensional free spray model was used to estimate the relative levels of liquid fuel spray impingement on the piston surface and maximum local equivalence ratio at start of combustion for each test case. Therefore, though the premixing time was shortened by higher intake pressures, the decreased emissions were understood by combined effects of enhanced fuel and air premixing quality and improved late-cycle oxidation near the end of combustion.
Introduction
Increasingly stringent diesel engine emission regulations introduced in recent years (and those still to come) have motivated a great deal of research into reduced emissions premixed combustion concepts, emission characterization, and aftertreatment systems. One of the common trends seen in modern diesel engine combustion research has been the reduction of oxides of nitrogen (NO x ) through lower combustion temperature, achieved by the use of exhaust gas recirculation (EGR) into the engine intake system. Reduction of particulate matter (PM) emissions has been simultaneously achieved by reducing the local fuel-air equivalence ratios during the combustion process. [1] [2] [3] [4] [5] [6] [7] [8] [9] One method of realizing these objectives at the same time has been through using EGR to reduce the intake oxygen concentration and advancing the start of injection (SOI), thus allowing separation of the injection and combustion events. These longer ignition delays provide longer premixing times for the fuel and air before the start of combustion (SOC) in order to reduce the maximum local equivalence ratios during the combustion process. In this way, premixed diesel low-temperature combustion (LTC) can simultaneously provide greatly reduced engine-out NO x and PM emissions.
One consequence of the reduction in combustion temperature (necessary for reduction of NO x emissions) has been the increase of unburned hydrocarbon (HC) and carbon monoxide (CO) emissions. Some researchers have demonstrated the possibility of greatly decreasing HC and CO emissions, while maintaining very low NO x and PM mass emissions, with higher engine intake pressure to enhance the in-cylinder fuel-air mixing and combustion. 10, 11 Two understandings of HC emissions from premixed combustion have been proposed by Colban et al. 11 The first possible source of HC emissions is from undermixed regions that do not obtain sufficient mixing with the available oxygen for the fuel to fully combust. These under-mixed regions could form from parts of the fuel jet structure left after the end of combustion or from overlaps in adjacent fuel sprays. Another example of how these under-mixed regions could be formed is by increased liquid fuel penetration at lower in-cylinder gas densities for early injection timings, hence increasing liquid fuel impingement on the combustion chamber surfaces. Kashdan et al. 12 have also suggested a mechanism of how liquid fuel deposited on the piston can later flash-boil due to rapid in-cylinder pressure reduction during the opening of the exhaust valve, thus facilitating expulsion of those HC emissions with the exhaust gases. Increased intake pressure helps reduce HC emissions from these different under-mixed regions by promoting faster mixing rates and shorter spray liquid length (LL), thus, in general, improving the fuel and air mixing quality before and after SOC. But it should be mentioned that increased intake pressure and faster mixing rates can also decrease the mixing time after the end of injection (EOI) by causing the mixture to achieve autoignition conditions earlier (for constant SOI).
The second source of HC emissions discussed by Colban et al. 11 can be from over-mixed regions in the combustion chamber, which can form during the relatively longer ignition delays of premixed diesel LTC. Since relatively longer ignition delays create these overmixed regions, reductions in the ignition delay by higher intake pressure might also reduce the formation of these over-mixed regions in the combustion chamber. Thus, HC emissions from these over-mixed regions, in addition to reduced under-mixed regions, can also be diminished with increased intake pressure.
Reduced CO emissions are also proposed in the literature to be reduced in premixed diesel LTC by two possible pathways. 11, 13, 14 As with HC emissions, CO emissions can proceed from under-mixed regions of the combustion chamber when the mixing rates were not high enough to supply the relatively rich regions with sufficient oxygen before the end of combustion. Increased intake pressure helps to decrease CO emissions through increased mixing rate throughout the combustion cycle and a decrease of the overall equivalence ratio. 11 On the contrary, but similar to the HC emissions, CO emissions can proceed from overmixed regions that had sufficient oxygen but not enough temperature to provide fast enough reaction rates to complete the CO oxidation before combustion chamber expansion. Decreased ignition delay with increased intake pressure provides less time for fuel and air premixing before SOC, therefore limiting the regions of over-mixed fuel and air with equivalence ratios less than 1 and decreasing CO emissions attributed to over-mixed regions. The literature has also shown through calculations that oxidation rates are faster in these over-mixed regions with higher intake pressure. 11 This means that higher intake pressure not only reduces the quantity of over-mixed regions (if the ignition delay is decreased) but also increases the CO oxidation rates in those over-mixed regions that could still be formed.
Though some researchers have reported particle size and number emission results from premixed diesel combustion, it is still unclear how isolated intake pressure changes affect particle size and number emissions within the premixed diesel LTC operating regime. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] These effects are important to understand based on upcoming particle number regulations, as well as to best optimize aftertreatment system design and operation with possible new premixed combustion strategies. Regarding the upcoming particle number regulations, it has been shown that one can greatly reduce the PM mass emissions in the premixed diesel LTC regime but at the same time possibly greatly increase the particle number emissions when changing from conventional diffusive diesel combustion to premixed diesel combustion concepts. 15, 17, 24 Therefore, it is the objective of this research to investigate how intake pressure affects particle size and number emissions between premixed diesel engine operating conditions. It is hoped that by investigating in greater detail the emissions from premixed combustion concepts, further information can simultaneously be provided to researchers from engine combustion and aftertreatment groups to help produce the most efficient overall diesel engine system, while achieving the set emission regulations.
Experimental setup

Research engine
Characteristics of the single-cylinder research engine can be found in Table 1 . Reducing the engine from its full multicylinder version to the single-cylinder research version allowed for very precise and steady control of the LTC engine operating conditions. Comparison of measurements of the exhaust emissions with the incylinder combustion measurements was also simplified with the single-cylinder engine in that there was no mixing of emissions from other cylinders.
The injection system shown in Table 2 contained a high-pressure common rail system as well as a pressureamplified piston and solenoid injector. More details of this injector can be seen in the study by Albrecht et al. 25 The piston geometry and injector nozzle pairing were selected after a rigorous test campaign of multiple piston and injector nozzle combinations throughout the entire engine load and speed range. In the end, these piston and injector nozzle geometries were selected for this study because they provided the lowest HC emissions for PM mass emission levels at the minimum detection limit of the opacity-based PM measurement instrument. In this way, an attempt was made to minimize the amount of condensable volatile material in the exhaust, which could affect the particle size and number measurements.
A schematic of the engine research facility used in this work is displayed in Figure 1 . Compressed air was supplied to the engine by an oil-free screw compressor and dehumidification system. Heat exchangers and electrical heaters were also used in the fresh intake air and EGR loops to provide best control of the engine intake conditions. Intake, exhaust, and EGR settling chambers were used to dampen pressure waves created by the single-cylinder engine. An electropneumatically controlled exhaust back pressure valve was used to drive the EGR loop and simulate exhaust pressure conditions similar to those with a turbocharger in place. The emission sampling ports were placed downstream of the exhaust back pressure valve, where the exhaust pressure was approximately atmospheric. The partial exhaust dilution system was placed upstream of the gas analyzer and smoke meter sampling ports to allow them to perform purge operations independent of particle size distribution measurements.
An in-cylinder piezoelectric pressure transducer was allowed for recording and averaging of 50 engine cycles for each test point. Five repeatability measurements were performed for each test point, which were later postprocessed using a 0D combustion diagnosis code.
Diesel fuel
Specifications of the European diesel test fuel associated with its combustion and emissions characteristics are shown in Table 3 . All these fuel characteristics fall within the regulations established for sale of commercial diesel fuel in Europe. Fuel sulfur and polycyclic aromatic hydrocarbon (PAH) content are shown due to their relation with engine-out particle emissions. [26] [27] [28] [29] [30] Engine test conditions The 10 engine operating conditions chosen to test the effects of intake pressure on engine performance and emissions in premixed diesel LTC are displayed in Table 4 . The duration needed for injection of the 70 mg of fuel per combustion stroke was 8.3 crank angle degrees (CAD) at 1200 r/min. With a real SOI of 222.5 degrees after top dead center (°aTDC) (224°aTDC electronic command), EOI occurred at 214.2°aTDC for all test cases. Intake pressure was varied at three intake oxygen concentrations: 12%, 11%, and 10% intake O 2 . The maximum global fuel-air equivalence ratio allowed was set to 0.88. Therefore, the minimum intake pressure at each intake oxygen concentration was determined by the respective condition's intake oxygen concentration setting and a maximum equivalence ratio of 0.88. The maximum intake pressure at each intake oxygen concentration was decided to be 1.6 bar, as this was seen as a feasible intake pressure for the full multicylinder version of this test engine, given the other operating parameters.
Emissions measurement
Gaseous and PM mass emissions. Gaseous exhaust emissions of carbon dioxide (CO 2 ), carbon monoxide (CO), total HCs, and oxides of nitrogen (NO x ) were measured with a Horiba MEXA-7100. A second CO 2 analyzer was used to determine the engine intake EGR rate as well as the exhaust dilution ratio. PM mass concentration emissions were measured by an AVL 415 smoke meter (opacity-based PM mass correlation).
Exhaust dilution. The exhaust gases must be diluted with filtered and dried compressed air before measurements of the exhaust particle size distribution can be made. 31 In these tests, a Dekati FPS-4000 two-stage partial dilutor was used for exhaust dilution. The dilution process decreases the saturation ratio of vaporous components (such as water and HC species) in the exhaust sample so as to mitigate their condensation on, and change of, the existing particles from the engine combustion. In this way, performing the exhaust sample dilution attempts to preserve the particle compositions as close as possible to how they existed in the exhaust stream. The dilution strategy used in these tests was based on this objective, to best conserve the exhaust PM sample as close as possible to how it existed in the exhaust stream and would likely enter into an aftertreatment system (although it should be clarified that no aftertreatment system was used during these tests). Therefore, all tests used a heated primary dilution as close to isothermal with the exhaust sample temperature as possible and a larger ambient temperature secondary dilution to cool and maintain the exhaust particle composition. The total dilution ratio was maintained higher than 70:1 in all the tests to minimize condensation of volatile material after the exhaust sample left the exhaust system. Initial tests prior to these experiments with total dilution ratios from 16:1 to 125:1 showed that variation in the total dilution ratio above 70:1 had insignificant effects on the particle size distribution measurements for these engine operating conditions, thus giving confidence that particle size distribution effects reported in this study were associated with the changes in engine operating conditions. 24 Particle size distribution measurement. Particle size distributions of the diluted engine exhaust from 7.64 to 289 nm were measured by a TSI Scanning Mobility Particle Sizer (SMPS) 3936. This measurement system is composed of a TSI 3080L long differential mobility analyzer (DMA) electrostatic classifier and a TSI Condensation Particle Counter (CPC) 3010. The DMA electrostatic classifier is used to select the electrical mobility diameter of the particles permitted to pass to the CPC, where the particle concentration at that size is determined. Performing the same particle number concentration measurement at each electrical mobility diameter within the selected size range allows for creation of the particle size distribution. The electrical mobility diameter range of this work was 7.64-289 nm, based on a DMA 1 L/min sample flow and a 10 L/min sheath flow. Multiple baseline tests were performed in which the DMA scan up and scan down times were varied independently to find the respective times that most accurately represented the LTC PM particle size distributions. In the end, a scan up time of 100 s and scan down time of 60 s were chosen. The size distributions plotted in the ''Results and discussion'' section were number-weighted and normalized to one decade of particle size (dN/dlogDp) by the TSI SMPS software. The advantage of these normalized particle size distribution units is that they can be compared to measurements from other particle size distribution instruments, independent of measurement channel resolution. Corrections for particle multiple charging and diffusion losses within the SMPS measurement system were also performed by the TSI software. 32 
Calculations
Thermodynamic analyses
Instantaneous pressure signal data (averaged over 50 combustion cycles) were postprocessed by a 0D combustion diagnosis code, CALMEC, to determine the evolution of the in-cylinder pressure and rate of heat release (RoHR). 33, 34 An estimation of the adiabatic flame temperature throughout the combustion cycle was calculated from SOC to exhaust valve opening (EVO) at 0.2 CAD time steps. The main inputs of the adiabatic flame temperature calculation at each time step were the unburned gas temperature, unburned gas composition (most importantly being the oxygen concentration), and the in-cylinder pressure. Adiabatic flame temperature was then calculated based on the assumptions of a 13-species chemical equilibrium approach achieved at each 0.2 CAD time step (as developed by Way 35 ), constant in-cylinder pressure at each time step, and that the peak in-cylinder temperature would occur at an equivalence ratio equal to 1 (stoichiometric conditions). A peak adiabatic flame temperature could be taken from the 0.2 CAD time step evolution of the adiabatic flame temperature calculation throughout the entire combustion cycle, as well as at a given percent of fuel mass burned.
Spray analyses
The fuel injection rate profile measurement was performed using a commercial fuel injection test rig based on the Bosch system. 36 From these measurements, the instantaneous injection rate, actual liquid SOI, and real liquid EOI could be determined. Using these injection rate profiles and the in-cylinder pressure and density up to the start of the main combustion event, in-cylinder mixing and evaporation properties of the fuel and charge air (even after the EOI) could be modeled. For this purpose, a one-dimensional (1D) mixing-controlled inert diesel spray model was used to perform this simulation, which has been validated against computational fluid dynamics (CFD) gas jet simulations and experimental diesel spray measurements. 37, 38 This model has already been used in previous premixed diesel LTC particle emission investigations as well. 23, 24 The model solves momentum and fuel mass conservation equations for the spray. To simplify the spatial description of both properties, self-similar Gaussian profiles are assumed, which makes it possible to transform a 2D problem into a 1D one (if symmetry is assumed). The spray is discretized along its axis in dxsized cells that occupy the whole flow cross section, and for each cell, only on-axis properties are solved. Within each dx-sized cell, the amount of the fuel mass evaporated at a given time step is calculated based on the energy provided by the entrained air. In a second step, radial distribution of properties can be obtained by corresponding self-similar profiles.
The model application has been mainly to describe the spray evolution during the injection event. But it can also be extended to describe fuel and air mixing processes between multiple injection events 39 as well as after the end of a single-injection event. After the EOI, the model only changes in that it considers zero momentum and fuel mass flux at the exit of the nozzle. All hypotheses and assumptions remain the same as during the injection period (e.g. self-similar profiles, solving method). The conservation of momentum and mass results in a distribution of fuel that becomes leaner with time, starting from the nozzle and progressing toward the spray's leading edge.
The 1D spray model allowed qualitative comparisons (relative between each of the engine test conditions) of the maximum fuel-air equivalence ratio from the EOI to the start of the high-temperature heat release (HTHR), fuel-air equivalence ratio at the SOC (F SOC ), and maximum spray LL during the injection process. One difference between this free spray model and the in-cylinder combustion conditions is that the model simulates the spray and precombustion mixture development in a large open volume, such that combustion chamber surface effects (such as the piston bowl) were not taken into account. For this reason, the results obtained from the model were used on a qualitative basis, discussing differences between engine tests on a relative basis to each other. Figure 2 shows the relationship between the trajectory of the fuel spray at the moment of the real start of fuel injection (222.5°aTDC) with respect to the position of the piston bowl at that moment. If the fuel spray was to have hypothetically reached its maximum liquid spray length instantaneously at SOI, and assuming it was long enough, it would have intersected the piston bowl surface at the indicated position.
In reality, the development of the fuel spray was not instantaneous due to various fluid dynamic effects and required approximately 1 ms to reach its maximum liquid spray length at the elevated temperature and pressure conditions in the engine combustion chamber. For the test conditions discussed in this work, it was found that the in-cylinder temperature at SOI was approximately 730 6 10 K, while the in-cylinder pressure at SOI varied from 20.5 to 28.8 bar for intake pressures from 1.2 to 1.6 bar, respectively. Therefore, it follows that the real liquid spray and piston bowl surface intersection position would be slightly lower on the piston bowl than the indicated position due to the upward movement of the piston during the time required to develop the fuel jet at these temperature and pressure conditions.
Once the free jet fuel spray model calculates the maximum LL, this distance can be compared to the distance available in the combustion chamber at that same moment between the injector nozzle and the piston bowl surface, resulting in the value defined here as the fuel spray LL overlap past the piston bowl surface. The LL overlap was therefore determined by the subtraction of the distance available in the combustion chamber (from the injector nozzle to the piston bowl surface) from the calculated free fuel jet LL. This parameter could then be used as an approximation to compare the relative levels of liquid fuel deposited on the piston bowl surface in each of the engine test conditions. The in-cylinder distance available between the injector nozzle and the piston bowl surface (at the time of maximum spray LL) was found to be 45.9 6 0.1 mm for each of the tested engine operating conditions. It should be noted that the full diesel fuel spray length for these engine operating conditions (including the leading portion of evaporated fuel) varied between 66 and 77.5 mm, while the LL portion of the fuel spray varied between 51 and 66 mm. Analyses in this work have focused on the interaction of the LL portion of the fuel spray with the combustion chamber surfaces. The range of fuel spray LLs determined by the 1D model in this work (51-66 mm) is consistent with heavy duty diesel engine fuel spray LLs predicted and observed by other researchers. [40] [41] [42] Using the 1D free spray model, Figure 3 demonstrates the effect of mixing time after EOI on the spatial and temporal distributions of the maximum local equivalence ratio along the spray axis. Although these data do not take into account the effects of interactions between the fuel spray and combustion chamber surfaces, it does provide useful information regarding the relative quality of fuel-air premixing in the main area of the combustion chamber before SOC. Equivalence ratio distributions are shown until the respective SOC timings for the lowest and highest intake pressures tested, 1.2 and 1.6 bar, at 12% intake oxygen concentration. For this reason, the equivalence ratio distributions of 1.6 bar intake pressure were only plotted until 0.64 ms after EOI, while those of 1.2 bar intake pressure were shown until 1 ms after EOI. It was observed that the location of the maximum equivalence ratio along the spray axis moved from directly at the exit of the injector to further downstream with time after EOI. This effect has been explained in more detail by Musculus and Kattke. 43 In addition, it was remarkable how quickly the equivalence ratio decreased closest to the injector nozzle exit within only the first 0.16 ms after EOI. This shows the great importance of even small amounts of premixing time after EOI in order to help decrease the maximum local equivalence ratio before SOC. Comparing the equivalence ratio distributions between 1.2 and 1.6 bar intake pressure at each time interval of interest after EOI demonstrated that the 1.6 bar intake pressure (with higher in-cylinder charge air density) provided improved mixing quality to reduce the equivalence ratio distribution faster than in the case of the 1.2 bar intake pressure. But in the end, the 1.2 bar intake pressure was calculated to produce a lower equivalence ratio distribution along the spray axis (in an open volume) than the 1.6 bar intake pressure due to the additional 0.36 ms of mixing time provided before SOC. Figure 4 shows another benefit of the 1D free spray model. In addition to monitoring the spatial and temporal evolutions of the entire equivalence ratio distribution along the spray axis, it was also possible to monitor only the maximum local fuel-air equivalence ratio (F MAX ) of the whole distribution from EOI to SOC. The data represented in Figure 4 show the decrease of F MAX until SOC for each of the intake pressure test points at 12% intake O 2 . It follows that the local F MAX of all intake pressure test points decreased remarkably quickly (exponentially) from infinity during the injection event to a F MAX below 3 in less than 1.1 ms. Due to the increased charge air density, the 1.6 bar intake pressure test condition arrived 25% faster to a F MAX of 3.0 than the 1.2 bar intake pressure condition. But the longer ignition delay of the 1.2 bar intake pressure operating condition allowed the F MAX at SOC to decrease 15% lower than that of the 1.6 bar intake pressure condition (F MAX at SOC from 2.9 to 2.5). This simplified analysis of the fuel-air premixing in the main area of the combustion chamber (not including wall effects) supports how even a small increase in the ignition delay can be beneficial in increasing the fuel-air premixing and reducing the local F MAX before SOC.
Results and discussion
Combustion analyses
Instantaneous combustion information of the incylinder pressure and RoHR for the 12% intake O 2 test condition is shown in Figure 5 . Intake pressure effects on the in-cylinder pressure and RoHR at 12% intake O 2 represented very well the effects seen at 11% and 10% intake O 2 . Therefore, only the in-cylinder pressure and RoHR results for the 12% intake O 2 test conditions are displayed. As can be seen by the incylinder pressure curves before the SOC, higher engine intake pressures led to higher in-cylinder pressures during the compression stroke. This increased in-cylinder pressure led to increased charge air density and thus faster mixing rates. Faster mixing rates led to the formation of regions with autoignition potential faster, thus slightly advancing the SOC. These small advances in the start of the main combustion HTHR caused increase in the maximum in-cylinder pressure. Evidence of low-temperature exothermic reactions before the main HTHR was evident in each test condition. Figure 6 shows combustion analysis statistics taken from each test condition. The peak adiabatic flame temperatures were quite similar for test conditions with the same intake oxygen concentration, with only slight variations for changes to intake pressure. The highest intake oxygen concentration test points, at 12% intake O 2 , produced peak adiabatic flame temperatures between 2200 and 2225 K, while the lowest intake oxygen concentration test conditions had even lower peak adiabatic flame temperatures. It has been shown important to be near or below peak adiabatic flame temperatures of 2200 K to take advantage of the low NO x emission benefits achieved by such combustion modes as premixed diesel LTC. 44 As seen in the instantaneous combustion data, advances of the HTHR caused higher peak cylinder pressures at top dead center (TDC). Thus, higher peak in-cylinder pressures were produced with higher intake pressure. There was a loose trend of higher peak RoHR with increased intake pressure. This is indicative of slightly higher combustion noise and faster combustion reaction rates.
General emissions
The levels of commonly measured diesel engine emissions such as NO x , opacity-based PM, HC, and CO are shown in relation to their respective regulation limits as shown in Figure 7 . The engine-out NO x and PM emissions for all test cases were low enough to comply with US2010 and the proposed EURO VI emission regulations. 45 It was observed that the changes to intake oxygen concentration had a larger influence on the NO x emissions than the changes to intake pressure within each test case. Consistent with other researchers, increased intake pressure caused a significant decrease in HC, CO, and PM mass emissions. 10, 11 Reasons for the nearly exponential decrease in these emissions will be further analyzed in the following sections.
PM formation and oxidation parameters
Various parameters have been calculated and represented in Figure 8 to provide insight into the HC, CO, and PM mass formation and oxidation characteristics in the combustion chamber, at least on a relative basis. Concerning the 12% intake oxygen concentration test conditions, the parameters shown in Figure 8 , which help explain the 62% decrease in HC emissions from 1.2 to 1.6 bar, include approximately 75% decrease in LL overlap, 35% decrease in premixing time (from EOI to SOC), and 9% increase in the adiabatic flame temperature after 85% fuel mass burned (Flame T ad 85).
As described in the ''Introduction'' section, decreased liquid fuel impingement on the combustion chamber surfaces with increased intake pressure helped to reduce HC emissions through a more complete burn of the fuel injected. In that way, less fuel was deposited on the combustion chamber surfaces to possibly later flash-boil during the exhaust stroke and be expelled out of the combustion chamber without being burned. Since there was a 75% reduction in LL overlap for increase in intake pressure from 1.2 to 1.6 bar, it is proposed that this effect could have had the highest influence on reduced HC emissions.
The 35% decrease in premixing time with increased intake pressure likely helped to decrease HC emissions in that there was less time for locally over-mixed regions to form in the combustion chamber that later could not be fully oxidized. Conversely, the 35% decrease in premixing time and simultaneous 15% increase in maximum local fuel-air equivalence ratio (approximated by the 1D free spray model) at the SOC (F SOC ) should have likely increased the amount of fuel burned in under-mixed regions in the combustion chamber. So while the decreased premixing time with higher intake pressure likely helped decrease HC emissions from over-mixed regions, the decreased premixing time likely drove toward increased HC emissions from undermixed regions.
The temperature at the end of combustion was deemed a useful parameter to help examine the relative levels of HC and CO oxidation (as well as particle oxidation) occurring late in these single-injection premixed combustion conditions. Since there is high uncertainty involved in calculating the exact CAD where the combustion finished, and determining the adiabatic flame temperature at that point, Flame T ad 85 has been used instead to indicate the relative level of in-cylinder oxidation occurring toward the end of the combustion process. It is proposed that the 9% increase in Flame T ad 85 also helped reduce HC emissions through providing higher oxidation temperatures toward the end of combustion. In addition, increased Flame T ad 85 with higher intake pressure could have helped overcome the potential of increased HC emissions from under-mixed regions caused by the decrease in premixing time.
For in-cylinder PM formation to occur, two local conditions are necessary: temperatures higher than 1400-1800 K and a local fuel-air equivalence ratio richer than 2. 6, 9, 14, 44, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] Being that opacity-based PM emissions were measured in all test conditions (Figure 7) , it can be assumed that there were combustion temperatures high enough to promote the processes of in-cylinder particle formation in each engine operating condition tested.
The other key component for in-cylinder particle formation, local richness (under-mixing), is dependent on the amount of fuel and air premixing allowed before the SOC and the level of liquid fuel deposition on the combustion chamber surface. The duration from EOI to SOC and the F SOC provide qualitative information regarding the level of fuel and air premixing in the main volume of the combustion chamber before the SOC. As mentioned, Figure 8 shows that increased intake pressure caused the duration of fuel and air premixing time from EOI to SOC to decrease and F SOC to increase. Although it should be noted that the increased intake pressure caused higher mixing rates (as seen in Figures 3 and 4) , which likely helped to improve fuel and air mixing and oxidation processes during the combustion. 11 Interestingly, it was observed that even in the shortest premixing time engine operating condition (1.6 bar intake pressure), the EOI to SOC duration was still longer than 4 CAD, a threshold observed by other researchers above which PM emissions are greatly reduced. 55, 58 The present research could support their claim of the importance of an EOI to SOC duration longer than 4 CAD in that all engine-out PM mass emissions for these tests were below EURO VI emissions limits (Figure 7) .
The LL overlap (as approximated by the 1D free spray model) is useful in estimating the relative levels of liquid fuel deposited on the piston bowl surface, which would likely be burned later in a diffusive-type pool fire combustion. This type of combustion has been shown to be the source of high in-cylinder particle formation. 23, [59] [60] [61] [62] Being that the changes to the maximum adiabatic flame temperature ( Figure 6 ) remained relatively small for changes in intake pressure, initial focus of the PM formation and oxidation discussion will be placed on the premixing time (SOC-EOI duration) and approximated maximum local F SOC to better understand the levels of particle formation in the main volume of the combustion chamber. Figure 8 shows that increased intake pressure caused decreased fuel-air premixing time and a corresponding slight increase in the maximum local F SOC . These two characteristics normally would point to increased in-cylinder particle formation and engine-out PM emissions. But PM mass emissions were seen to nearly exponentially decrease with increased intake pressure as shown in Figure 7 . Therefore, there must be another explication for the decrease in PM emissions with increased intake pressure if shorter premixing timing and increase in estimated maximum local F SOC (and amount of fuel in relatively under-mixed regions) did not agree with the emission measurements. Although it should be noted that there was a relatively long period of premixing in all test conditions (all longer than 4 CAD) such that the maximum approximated local F SOC of all test points was still less than 2.9 (Figure 4 ). So perhaps the changes seen in ignition delay and local F SOC had a less significant influence on the PM formation than other PM formation processes.
When analyzing the spray LL overshoot past the piston bowl surface (a qualitative means of analyzing the level of fuel impingement on the piston surface), increased intake pressure had a strong effect on increase in the in-cylinder charge air density during injection and reducing the level of fuel deposition on the piston bowl (75% decrease in LL overlap from 1.2 to 1.6 bar intake pressure). This reduced fuel deposition would have most likely decreased the mass of fuel that would have been burned in a locally rich diffusive-burn pool fire on the surface of the piston bowl, thus helping decrease in-cylinder particle formation during the combustion process.
The final PM combustion parameter shown in Figure 8 and not yet discussed is the adiabatic flame temperature after 85% of the fuel mass burned. This parameter gives a relative means of approximating the levels of particle (as well as CO and HC) oxidation toward the end of the combustion process. In each of the 12%, 11%, and 10% intake O 2 test conditions, increased intake pressure caused an increase in the Flame T ad 85 by more than 140 K. This increase in the combustion temperatures late in the combustion process means oxidation rates were relatively higher to, thus, oxidize more particles in the higher intake pressure cases. In addition to the higher oxidation rates toward the end of combustion, it should also be noted that there was higher oxygen mass available at the higher intake pressure test cases due to the leaner overall fuel-air equivalence ratio (Table 4 ). This meant that late-cycle particle oxidation was aided at higher intake pressures by increased oxygen availability in addition to higher oxidation temperatures.
Combining these observations, it can be proposed that reduced fuel LL overshoot, and increased Flame T ad 85 (as well as increased oxygen availability) helped support reduced fuel deposition on the piston surfaces (less pool fire-based particle formation) and increased in-cylinder particle oxidation with higher intake pressures, thus decreasing engine-out PM mass emissions. In the next section, the changes in PM mass emissions will be analyzed on a particle size basis by particle size distribution measurements of each test condition.
Particle size distributions
Exhaust particle size distributions were measured for each engine operating condition and are represented in Figure 9 . Figure 9 (a) to (c) shows the results with 12%, 11%, and 10% intake O 2 , respectively. At each intake oxygen concentration, increased intake pressure was Figure 9 . Effects of intake pressure on the particle size distribution measurements for (a) 12% intake O 2 , (b) 11% intake O 2 , and (c) 10% intake O 2 (particle concentrations were corrected for dilution air background particles).
shown in general to decrease particle number emissions. This was also seen in the total particle number concentration characteristics shown in Figure 10 .
At 12% intake O 2 (Figure 9(a) ) and 11% intake O 2 (Figure 9(b) ), increased intake pressure caused a large decrease in particles larger than 100 nm. Simply based on geometry, the biggest particles will have an exponentially higher effect on the total PM mass than the smallest particles. 63, 64 For this reason, a large decrease in PM mass emissions can be expected in the 12% and 11% intake O 2 conditions when the intake pressure is increased only by analyzing their particle size distributions.
The explanations discussed regarding the particle formation and oxidation parameters, as shown in Figure 8 , are reaffirmed when looking at the effects of intake pressure on the particle size distribution measurements. Interestingly, the strongest change in the shape (curvature) of the particle size distributions occurred between the two lowest intake pressures, 1.2 bar and 1.32 bar, at 12% intake O 2 (Figure 9(a) ). The decrease in large particles and increase in small particles from 1.2 to 1.32 bar intake pressure is also reflected in the particle geometric mean diameters shown in Figure 10 .
In the previous section, it was proposed that two of the causes for decreased PM mass emissions with increased intake pressure were reduced LL overshoot (to decrease in-cylinder particle formation from diffusion-flame pool fires) and increased late-cycle oxidation temperature and oxygen availability. Previous results by Kolodziej 24 and Benajes et al. 23 have shown that increased LL overshoot and fuel impingement on the piston bowl due to earlier injection timings (when there was less in-cylinder charge air density) coincided with increased PM mass emissions and number of larger particles, likely through increased fuel burned in pool fires on the piston surface. This increase in number of larger particles and PM mass with earlier injection timings occurred despite increased late-cycle oxidation temperature with the earlier injection timings. Therefore, it is proposed in this work that the decreased PM mass and number of larger particles with increased intake pressure (increased in-cylinder charge air density during injection) is more likely caused by the reduced LL overlap (decreased amount of fuel burning in diffusion-burn pool fires) than due to the increase in late-cycle oxidation temperature and oxygen availability. If the improved late-cycle particle oxidation was the main cause for the decreased PM mass and particle numbers with increased intake pressure, it is expected that the improved particle oxidation would consistently reduce particle numbers throughout the particle size distribution and have less effect on the shape of the particle size distribution. So perhaps the more important change in the shape of the particle size distributions between lower intake pressures such as 1.2 and 1.32 bar (meaning relatively more important decrease in larger particles than smaller particles) is more easily explained by a decrease in piston fuel impingement (LL overlap), while the more uniform decrease in all particle sizes seen between the higher intake pressures such as 1.46 and 1.6 bar is easily understood by the improved late-cycle oxidation (higher temperature and more oxygen availability). But further measurements would be needed to confirm these hypotheses.
As for the effects of intake oxygen concentration, decreased intake oxygen concentration from 12% to 10% is shown to change the shape of the particle size distributions from relatively flat for particles smaller than 35 nm at 12% intake O 2 to a more inverse parabolic shape at 10% intake O 2 (Figure 9 ). In addition to the change in the shape of the particle size distributions, there was also a general trend of increased particle numbers and a small increase in geometric mean diameter from 12% to 10% intake oxygen concentration ( Figure 10 ). These observations are in agreement with those by Kolodziej 24 and Payri et al. 22 
Conclusion
Measurements of gaseous and particulate (mass, size, and number) emissions from premixed diesel LTC have been investigated from three intake oxygen concentrations, with intake pressures ranging from 1.2 to 1.6 bar. Increased intake pressure at 12% intake O 2 produced the following reductions on the emissions: CO (85%), HC (62%), PM mass (96%), and particle number (73%). Engine-out EURO VI PM mass and NO x emission standards were achieved for all intake pressures, but none of the intake pressures were able to achieve engine-out EURO VI CO and HC emission limits.
By use of fluid dynamic and thermodynamic calculations, the large decrease in particle mass and number emissions with increased intake pressure were more closely investigated. A visual representation of the conclusions has been presented in Figure 11 to aid in their explanations. In particular, the conclusions will consider the changes to intake pressure at the 12% intake O 2 test conditions. Higher in-cylinder charge air density caused up to 25% faster premixing rates (improved premixing quality) in the main area of the combustion chamber, as seen through the 1D free spray simulations in Figure 4 . But total premixing times before SOC were reduced by 35% due to the mixture arriving to autoignition conditions sooner, thus increasing the maximum local F SOC by 15% (from 2.5 to 2.9). Therefore, without taking wall effects into account, one would expect higher particle formation in the main area of the combustion chamber with higher intake pressure due to the rise in F SOC .
But it was measured that engine-out particle mass and number emissions in fact decreased significantly with higher intake pressure. So it was found that this result had a twofold explanation, coming from reduced fuel deposition on the piston bowl and increased particle oxidation late in the combustion. For the increase in the intake pressure from 1.2 to 1.6 bar (at 12% Intake O 2 ), the predicted fuel spray LL overshoot past the piston bowl surface (and presumed amounts of fuel deposition on the piston bowl surface for later pool fires) in this engine was decreased by 75% (from 20.0 to 4.8 mm). As for the improved late-cycle oxidation, when the intake pressure was increased from 1.2 to 1.6 bar, the T ad 85 (late-cycle oxidation quality) increased by 175 K (from 2035 to 2210 K), and there was an increase in the amount of excess oxygen available in the combustion chamber due to the decreased global fuel-air equivalence ratio from 0.86 to 0.74.
